The radial acceleration relation (RAR) in galaxies describes a tight empirical scaling law between the total acceleration g tot (r) = GM tot (< r)/r 2 observed in galaxies and that expected from their baryonic mass g bar (r) = GM bar (< r)/r 2 , with a characteristic acceleration scale of g † 1.2 × 10 −10 m s −2 . Here, we examine if such a correlation exists in galaxy clusters using weak-lensing, strong-lensing, and X-ray data sets available for 20 high-mass clusters targeted by the CLASH survey. By combining our CLASH data with stellar mass estimates for the brightest cluster galaxies (BCGs) and accounting for the stellar baryonic component in clusters, we determine, for the first time, a RAR on BCG-cluster scales. The resulting RAR is well described by a tight power-law relation, g tot ∝ g 0.51 +0.04 −0.05 bar , with lognormal intrinsic scatter of 14.7 +2.9 −2.8 %. The slope is consistent with the low acceleration limit of the RAR in galaxies, g tot = √ g † g bar , whereas the intercept implies a much higher acceleration scale of g ‡ = (2.02 ± 0.11) × 10 −9 m s −2 , indicating that there is no universal RAR that holds on all scales from galaxies to clusters. We find that the observed RAR in CLASH clusters is consistent with predictions from a semi-analytical model developed in the standard ΛCDM framework. Our results also predict the presence of a baryonic Faber-Jackson relation (σ 4 v ∝ M bar ) on cluster scales.
INTRODUCTION
Clusters of galaxies exhibit a large mass discrepancy between baryonic and gravitational mass. Understanding the nature and amount of unseen mass in galaxy clusters is a longstanding issue in astrophysics. Zwicky (1933) was the first to analyze dynamics of the Coma cluster and to infer the existence of "dark matter" (DM). The vast majority of baryons (80-90%) in galaxy clusters are in the form of X-ray emitting diffuse hot gas. The gas mass fraction in high-mass galaxy clusters is observed to reach 13% in the intracluster region (e.g., Vikhlinin et al. 2006; Umetsu et al. 2009; Planck Collaboration et al. 2013; Donahue et al. 2015) , and their global mass content is dominated by DM (∼ 85%). Moreover, cold dark matter (CDM) that dominates the matter budget of the universe is essential to explain a range of cosmological probes on larger scales, such as cosmic microwave background anisotropy, large-scale galaxy clustering, and weaklensing cosmic-shear observations. The current concordance cosmological paradigm, ΛCDM, also assumes a cosmological constant (Λ) to account for the late-time accelerated expansion of the universe in the framework of general relativity.
At the scales of spiral galaxies, the discrepancy between baryonic and dynamical mass, M tot (< r)/M bar (< r), is found to tightly couple with gravitational acceleration, but no obvious correlation with other physical quantities, such as the size and orbital frequency, was found so far (e.g., McGaugh 2004) . The mass ratio M tot (< r)/M bar (< r) increases systematically with decreasing acceleration below a characteris-tic sale of 10 −10 m s −2 . This is referred to as the mass discrepancy-acceleration relation (MDAR; for a review, see, e.g., Famaey & McGaugh 2012) .
In the case of spiral galaxies, the low acceleration limit gives a baryonic Tully-Fisher relation and an acceleration scale that is consistent with the MDAR (McGaugh 2011). Using a sample of 153 disk galaxies from the SPARC database , McGaugh et al. (2016) found a tight radial acceleration relation (RAR) between the observed total acceleration g tot = GM tot (< r)/r 2 and the baryonic acceleration g bar = GM bar (< r)/r 2 defined at the same galacto-centric radius r as
where g † = 1.20 ± 0.02 (stat.) ± 0.24 (syst.) × 10 −10 m s −2 . The low acceleration limit (g bar g † ) of Equation (1) gives the following power-law relation:
Similarly, the MDAR (Scarpa 2006; Janz et al. 2016; Tian & Ko 2016 ) and the RAR observed in elliptical galaxies are consistent with those of spiral galaxies (Lelli et al. 2017; Chae et al. 2019; Milgrom 2019; Tian & Ko 2019) . Moreover, the MDAR of 53 elliptical galaxies obtained from strong-lens modeling of Einstein rings is consistent with the dynamical results (Tian & Ko 2017) . The RAR observed on galaxy scales raises four questions to be addressed (Lelli et al. 2017) : (1) the characteristic acceleration scale g † ; (2) the slope in the small acceleration limit ( 0.5); (3) the tightness of intrinsic scatter of the relation (0.11 dex); (4) no correlation with other galactic properties. Possible explanations of the above issues can be classified into the following three categories Lelli et al. 2017 ): (I) galaxy formation processes in the ΛCDM model; (II) new "dark sector" physics; and (III) new dynamical laws.
In the ΛCDM framework, baryonic mass dominated by arXiv:2001.08340v1 [astro-ph.CO] 23 Jan 2020 stars is bound to the gravitational potential well of the DM halo hosting a galaxy. However, the baryons are re-distributed through complex galaxy formation processes, such as active galactic nuclei (AGN) feedback, stellar winds, and supernova explosions. Several attempts have been made to explain the observed RAR in the context of ΛCDM through hydrodynamical simulations (Wu & Kroupa 2015; Ludlow et al. 2017) and semi-empirical models of galaxy formation (Di Cintio & Lelli 2016; Navarro et al. 2017; Desmond 2017) , or using abundance matching (Behroozi et al. 2013) . Besides the standard CDM paradigm, some considered baryon-DM coupling in a dark-fluid framework (Zhao & Li 2010; Khoury 2015) or dipolar DM particles (Blanchet & Le Tiec 2008 ). Alternatively, the RAR has been interpreted as a consequence of a new dynamical law without the need of DM. Milgrom (1983) introduced modified Newtonian dynamics (MOND), in which the dynamical law changes if the acceleration is smaller than an acceleration scale g † . However, MOND cannot explain the dynamics of galaxy clusters, and it needs to account for a large missing mass of about a factor of two (Pointecouteau & Silk 2005; Sanders 1999 Sanders , 2003 .
The four questions posed by the RAR observed in galaxies also represent some challenges to the ΛCDM model (Lelli et al. 2017) . Wu & Kroupa (2015) found that simulation results do not match well the data presented in McGaugh (2004) . Ludlow et al. (2017) successfully reproduced (2) and (4) within the ΛCDM framework, but with an acceleration scale 2.2g † , which is significantly higher than the observed value (Li et al. 2018) . Di Cintio & Lelli (2016) explained (1) and (2) by introducing an abundance matching prescription, whereas the level of scatter is significantly larger than the observed value, and the residuals are correlated with the galacto-centric radius. Desmond (2017) used more sophisticated model but got still larger scatter even using zero scatter in abundance matching.
How about galaxy clusters? Navarro et al. (2017) argued in the ΛCDM framework that the RAR in galaxy clusters (if exists) should be deviated from that of galaxies because the central maximum halo acceleration exceeds g † ( 3 × 10 −10 m s −2 ). On the other hand, MOND predicts the RAR in galactic systems. Its failure in galaxy clusters would pose a significant challenge to MOND (Famaey & McGaugh 2012) . Although the RAR is well studied in galactic systems, it has never been explored in galaxy clusters.
In this paper, we present an RAR in 20 high-mass galaxy clusters based on high-quality multiwavelength data sets available for the CLASH survey. The paper is organized as follows. In Section 2, we summarize the characteristics of the CLASH sample and the data products. In Section 3, we present the radial profiles of the baryon fraction and the RAR for the CLASH sample. In Section 4, we discuss the results and implications of our findings. Finally a summary is given in Section 5.
Throughout this paper, we assume a flat ΛCDM cosmology with Ω m = 0.27, Ω Λ = 0.73, and a Hubble constant of H 0 = 100h km s −1 Mpc −1 with h = 0.7. We denote the critical density of the universe at a particular redshift z as ρ c (z) = 3H 2 (z)/(8πG), with H(z) the redshiftdependent Hubble parameter. We adopt the standard notation M ∆ to denote the mass enclosed within a sphere of radius r ∆ within which the mean overdensity equals ∆ × ρ c (z). That is, M ∆ = (4π∆/3)ρ c (z)r 3 ∆ . We define the gravitational acceleration in the framework of Newtonian dynamics as g(r) = GM (< r)/r 2 .
CLUSTER SAMPLE AND DATA
We analyze multiwavelength data products from the Cluster Lensing And Supernova survey with Hubble (CLASH; Postman et al. 2012) . The CLASH survey is a 524-orbit Hubble Space Telescope (HST) Multi-Cycle Treasury program designed to probe the mass distribution of 25 high-mass galaxy clusters with M 500 > ∼ 4 × 10 14 M (Umetsu et al. 2016) . In this sample, 20 clusters were X-ray selected to be hot (T X > 5 keV) and to have a regular X-ray morphology. Numerical simulations suggest that the X-ray-selected subsample is largely composed of relaxed clusters (∼ 70%), but it also contains a nonnegligible fraction (∼ 30%) of unrelaxed systems (Meneghetti et al. 2014) . Another subset of five clusters were selected by their lensing properties to produce highmagnification events. These clusters often turn out to be dynamically disturbed merging systems.
In this study, we focus on a subset of 20 CLASH clusters (Table 1) taken from Umetsu et al. (2016) , who presented a joint analysis of strong-lensing, weak-lensing shear and magnification data of these individual clusters. Among the 20 clusters, 16 are X-ray selected, and the rest are highmagnification systems. The full-lensing analysis of Umetsu et al. (2016) combined constraints from 16-band HST observations (Zitrin et al. 2015) and wide-field multicolor imaging taken primarily with Suprime-Cam on the Subaru telescope . For all clusters in the CLASH sample, Donahue et al. (2015) derived binned radial profiles of temperature, gas mass, and hydrostatic mass using Chandra and XMM-Newton X-ray observations.
Here we combine the total mass measurements M tot of Umetsu et al. (2016) based on strong and weak lensing (Section 2.1) and the X-ray gas mass measurements M gas of Donahue et al. (2014) to study the relationship between the total and baryonic acceleration profiles. Moreover, we statistically account for the stellar contribution to the baryonic acceleration (Section 2.2). We also include stellar mass estimates for the central brightest cluster galaxies (BCGs; Section 2.3).
Lensing Mass
By combining strong and weak lensing constraints, Umetsu et al. (2016) found that the total matter distribution in CLASH clusters is well described by the Navarro-Frenk-White (NFW, hereafater; Navarro et al. 1997) model, which has a cuspy, outward steepening density profile (e.g., Umetsu et al. 2011b; Okabe & Smith 2016; Umetsu & Diemer 2017) . Here we use the CLASH lensing constraints on the total mass profile M tot (< r) of each individual CLASH cluster assuming a spherical NFW profile. The total mass M tot (< r) of an NFW halo as a function of spherical radius r is written as Table 2 of Umetsu et al. (2016) . We compute the total mass profile M tot (< r) of each cluster in the radial range at r ≥ r min 14 kpc.
Baryonic Mass
The X-ray emitting hot gas dominates the baryonic mass in galaxy clusters. In high-mass clusters, more than 80% of the intra-cluster baryons are in the X-ray emitting hot phase (e.g., Umetsu et al. 2009; Donahue et al. 2014; Okabe et al. 2014; Chiu et al. 2018) . Donahue et al. (2014) derived enclosed gas mass profiles M gas (< r) for all CLASH clusters, finding that the M gas profiles measured from the Chandra and XMM observations are in excellent agreement where the data overlap. Since XMM data are not available for all the clusters, we only use Chandra M gas measurements of Donahue et al. (2014) as primary constraints on the baryonic mass content in the CLASH sample. For each cluster, we have measured M gas (< r) values in several radial bins, where the radial range is differnet for each cluster, depending on the redshift and the data quality (see Figure 1 ).
We then account for the stellar contribution to the baryonic mass using the results of Chiu et al. (2018) , who established the stellar-to-gas mass relation f c (r) = M star /(M gas + M star ) (see their Figure 11 ; f c referred to as the cold collapsed baryonic fraction), for a sample of 91 Sunyaev-Zel'dovich effect (SZE) clusters with M 500 > 2.5 × 10 14 M selected from the South Pole Telescope (SPT) survey (Carlstrom et al. 2011; Bleem et al. 2015 ). The f c (r) relation is insensitive to the cluster redshift over a broad range out to z ∼ 1.3 as probed by the SPT sample. In their study, the total masses were estimated from the SZE observable, the gas masses M gas from Chandra X-ray data, and the stellar masses M star from combined optical/near-infrared multi-band photometry. The f c (r) relation of Chiu et al. (2018) includes the stellar mass contributions from the BCG and cluster member galaxies inside the r 500 overdensity radius.
With the mean f c (r) relation, we estimate the total baryonic mass as M bar (< r) = M gas (< r)/[1 − f c (r)], ignoring the cluster-to-cluster scatter. The level of scatter around the mean f c (r) relation is about 12%.
BCG Stellar Mass
In the central cluster region, the baryonic mass in clusters is dominated by the stellar mass in the BCG. In this study, we model the stellar mass distribution of each BCG with the Hernquist model (Hernquist 1990) , which gives an analytical approximation to the deprojected form of de Vaucouleurs' profile (or a Sersic Sérsic profile with index n = 4). Then, the stellar mass m star (< r) inside the spherical radius r and the stellar gravitational acceleration g star (< r) are expressed as
where M star is the total stellar mass of the BCG, and r h ≈ 0.551R e is a characteristic scale length of the Hernquist model, with R e the half-light or effective radius of the de Vaucoleurs' brightness profile.
In this study, we adopt as M star (see Table 1 ) the stellar mass estimates of CLASH BCGs from Cooke et al. (2016, their Table 1) , who performed a multiwavelength analsyis on a large sample of BCGs by combining UV, optical, near-infrared, and far-infrared data sets. Since the measurement errors on BCG stellar masses were not provided in Cooke et al. (2016) , we assume a fractional uncertainty of 10% on M star .
We measure the BCG effective radius R e from the CLASH HST imaging using the GALFIT package (Peng et al. 2010) . We choose to measure R e of each BCG in the HST band corresponding to the rest-frame wavelength of 1µm. The corresponding HST bands for our sample (0.187 ≤ z ≤ 0.686) are all in the WFC3/IR coverage (F110W to F160W), as summarized in Table 1 . We fit a single Sérsic profile to the surface brightness distribution of the BCG in the CLSH HST imaging data. The initial guess of the BCG position is based on the rest-frame UV (280 nm) measurements of Donahue et al. (2015) . In Table 1 , we also list the final source position (R.A., Decl.) in J2000 coordinates, Sérsic index (n), and effective radius (R e ) from our GALFIT modeling. The key issue of the present study is to examine if the correlation between g tot and g bar is related to any physical or environmental parameters governing the system. A possible approach is to study the baryon-to-total acceleration ratio g bar (r)/g tot (r), or the baryon fraction f bar (r), as a function of the cluser-centric radius r. An alternative approach is to examine the correlation between g tot (r) and g bar (r), namely the RAR.
RESULTS

Mean
3.1. Hot Gas Fraction We define the hot gas fraction as f gas (r) = M gas (< r)/M tot (< r), the ratio of the gas mass M gas (< r) to the total mass M tot (< r) as a function of the cluster-centric radius r. For each cluster, we evaluate M tot (< r) and f gas (r) where the Chandra gas mass measurements M gas (< r) of Donahue et al. (2014) are available.
In the upper panel of Figure 1 , we show the hot gas fractions f gas (r) of all individual clusters in our CLASH sample, along with the mean profile f gas (r) of the sample. The mean f gas (r) increases with increasing cluster-centric radius r, approaching the cosmic baryon fraction Ω b /Ω m = (15.7 ± 0.4)% (Planck Collaboration et al. 2016) at r > ∼ 700 kpc ∼ 0.6r 500 .
We note that Donahue et al. (2014) derived the hot gas fractions of CLASH clusters by combining their X-ray gas mass measurments with earlier CLASH weak-lensing results from Umetsu et al. (2014) or Merten et al. (2015) . Our results improve upon those of Donahue et al. (2014) by using the fulllensing constraints of Umetsu et al. (2016) based on CLASH strong-lensing, weak-lensing shear and magnification data.
Baryon Fraction
We compute for each cluster the baryon fraction f bar (r) = M bar (< r)/M tot (< r) as a function of r. The baryonic cluster mass M bar (< r) consists of the X-ray gas mass M gas (< r) from Donahue et al. (2014) , the stellar mass estimated as M star (< r) = M gas (< r) × f c (r)/[1 − f c (r)] (Section 2.2), and the stellar mass of the BCG in the innermost cluster region (Section 2.3). As in Section 3.1, we evaluate for each cluster M tot (< r) and f bar (r) where the Chandra M gas (< r) values of Donahue et al. (2014) are available.
For each cluster, we also include a single constraint on the baryon fraction f bar (< r) in the central BCG region. The stellar mass distribution of each BCG is modeled by Equation (5), as described in Section 2.3. For 13 clusters in our sample, we have Chandra M gas measurements (Donahue et al. 2014 ) lying in the central BCG region at r < R e ∼ 30 kpc (see Table 1 ). For these clusters, we calculate the BCG stellar mass m star (< r) at this innermost radius of the Chandra M gas measurements (Table 1) . For the other clusters, we calculate m star (< r) at r min 14 kpc and ignore the gas mass contribution to M bar (< r min ).
In the lower panel of Figure 1 , we show the baryon fraction profiles f bar (r) outside the BCG region for all individual clusters in our sample. The mean f bar (r) profile of the sample is nearly constant ∼ 1/8 (Donahue et al. 2014 ) with r. The cluster-to-cluster scatter around the mean f bar (r) profile is 0.041 in terms of the standard deviation, and the total baryon fractions in some clusters reach the cosmic mean value. We do not find any clear radial trend in the baryon fraction profiles f bar (r) for the CLASH sample, as in the case of spiral galaxies (McGaugh 2004; Famaey & McGaugh 2012 ).
Radial Acceleration Relation in CLASH Galaxy Clusters
Here we quantify and characterize the relationship between the total acceleration g tot (r) and the baryonic acceleration g bar (r) for the CLASH sample (Figure 1 ). To this end, for each cluster, we extract data points where possible at r = 100 kpc (18 clusters), 200 kpc (20 clusters), 400 kpc (15 clusters), and 600 kpc (11 clusters), by using linear interpolation. These data points are sufficiently well separated from each other. Hence, for simplicitly, we ignore covariances between different radial bins in our fitting procedure. Altogether, we have a total of 84 data points for our sample of 20 CLASH clusters, including 20 data points in the central BCG region.
Since the mass ratio M tot (< r)/M bar (< r) is equivalent to the acceleration ratio g tot (r)/g bar (r), the MDAR can be expressed as a relation between g tot (r)/g bar (r) and g bar . In spiral galaxies, there exists a tight empirical relationship between the observed total acceleration g tot (r) and the baryonic acceleration g bar (r), namely the RAR ). In fact, the MDAR and RAR are mathematically equivalent However, we point out that in the RAR, values of each of the two axes come from independent measurements.
Here we present our results in the form of the RAR. We model the CLASH data distribution in log-acceleration space by performing a linear regression on the relation y = m x + b with y = ln(g tot /g 0 ) and x = ln(g bar /g 0 ) with a normalization scale of g 0 = 1 m s −2 . 5 The log-likelihood function is written as
where i runs over all data points, and σ i includes the observational uncertainties (σ xi , σ yi ) and lognormal intrinsic scatter σ int (e.g., see Umetsu et al. 2016; Okabe & Smith 2016) ,
We perform a Markov chain Monte Carlo (MCMC) analysis to constrain the regression parameters using the emcee python package (Foreman-Mackey et al. 2013 , 2019 based on an affine-invariant sampler (Goodman & Weare 2010) . We use non-informative uniform priors on b and m of b ∈ [−100, 100] and m ∈ [−100, 100]. For the intrinsic scatter, we assume a prior that is uniformed in ln σ int in the range ln σ int ∈ [−5, 1].
From the regression analysis, we find a tight RAR for the CLASH sample in the BCG-cluster regime. Figure 2 summarizes our results. In the left panel, we show the distribution of CLASH clusters in log 10 g bar -log 10 g tot space along with the best-fit relation (black solid line). The spread of the best-fit residuals is about 0.11 dex, as shown in the inset plot of Figure 2 . The resulting constraitns on the regression parameters are m = 0.51 +0.04 −0.05 , b = −9.80 +1.07 −1.08 , and σ int = 14.7 +2.9 −2.8 % in terms of the posterior mean and standard deviation. The RAR for the CLASH sample is summarized as ln(g tot /m s −2 ) = 0.51 +0.04 −0.05 ln(g bar /m s −2 ) − 9.80 +1.07 −1.08 . (8) Figure 2 also compares our results with the RAR in sprial galaxies from McGaugh et al. (2016, dashed line) . The slope we obtained m = 0.51 +0.04 −0.05 is consistent with the low acceleration limit 1/2 of the RAR from McGaugh et al. (2016) , g tot = √ g † g bar with g † 1.2 × 10 −10 m s −2 . On the other hand, the intercept b at fixed g bar is found to be significantly higher than that of McGaugh et al. (2016) .
Here we repeat our regression analysis by fixing the slope to m = 1/2 and rewriting the scaling relation as g tot (r) = g ‡ g bar (r) with g ‡ a constant acceleration that corresponds to a certain characteristic acceleration scale. Then, the regression parameters are constrained as g ‡ = (2.02 ± 0.11) × 10 −9 m s −2 . and σ int = 14.5 +2.9 −2.8 %.
DISCUSSION
4.1.
Interpretation of the CLASH RAR in the ΛCDM framework Using a semi-analytical model with abundance matching, Navarro et al. (2017) provided a possible explanation of the RAR in spiral galaxies within the ΛCDM framework. Here we test if the observed RAR for the CLASH sample can be explained by a semi-analytical description of cluster-scale halos in the standard ΛCDM model.
To this end, we employ the semi-analytical model of Olamaie et al. (2012) , which describes the distributions of DM and hot gas in a spherical cluster halo. First, this model assumes that DM follows the NFW profile (Umetsu et al. 2011a (Umetsu et al. , 2016 Niikura et al. 2015; Okabe & Smith 2016) , and the gas pressure is described by a generalized NFW profile (Nagai et al. 2007 ). Following Olamaie et al. (2012) , we fix the values of the gas concentration and slope parameters of the generalized NFW profile to those found by Arnaud et al. (2010) . Next, the system is assumed to be in hydrostatic equilibrium. Finally, the gas density ρ gas is assumed to be much smaller than the DM density ρ DM , ρ tot (r) = ρ DM (r) + ρ gas (r) ≈ ρ DM (r). With these assumptions, ρ gas (r) can be fully specified by two parameters that describe the NFW density profile. We refer to Olamaie et al. (2012) for full details of the model.
Following the procedure outlined above, we can describe the average properties of our CLASH sample. Here we adopt M 200 = 1.41 × 10 15 M and c 200 = 3.79 (Umetsu et al. 2016) to describe the DM distribution ρ DM (r). Given the NFW parameters, we compute the gas density profile ρ gas (r) for the CLASH sample. We use f c (r) of Chiu et al. (2018) (Section 2.2) to account for the stellar mass contribution to the baryonic mass. With these average profiles ρ DM (r), ρ gas (r), and f c (r), we can predict the total and baryonic gravitational acceleration profiles, g tot (r) and g bar (r), for the CLASH sample. Here we compute the acceleration profiles at r = 100, 200, 400, and 600 kpc, as done in our CLASH analysis.
We also model the intrinsic scatter around the average profiles g tot (r) and g bar (r) due to cluster-to-cluster variations in the DM and baryonic distributions. For the DM distribution, we assign intrinsic scatter in c 200 with a lognormal intrinsic dispersion of 30% (e.g., Bhattacharya et al. 2013) . For the baryonic distribution, we assign intrinsic scatter in f c with a Gaussian dispersion of 12% (Chiu et al. 2018) . We employ Monte-Carlo simulations to evaluate the intrinsic dispersions around the average acceleration profiles g tot (r) and g bar (r) at each cluster-centric radius. The result is shown in Figure 3 .
The 20 galaxy clusters in our sample are all high-mass systems selected for the CLASH survey (Postman et al. 2012) . It is thus reasonable to adopt a set of average properties in the semi-analytical model to study the new RAR. As shown in Figure 3 , the two model points evaluated at 100 kpc (orange square) and 200 kpc (green square) match the relation (black solid line) and the data points (color open circles) well. For the two model points at 400 kpc (blue square) and 600 kpc (purple square), the predicted values of the total acceleration g tot fall short of the relation and the data points, although the deviations are not significant.
The inferred level of 1σ scatter estimated by Monte-Carlo simulations appears to be larger than the data distribution. This is similar to the findings in spiral galaxies (see, e.g., Di Cintio & Lelli 2016; Desmond 2017; Lelli et al. 2017 ). However, it should be noted that the CLASH sample is dom- inated by relaxed systems (Meneghetti et al. 2014 ) because of the CLASH selection based on X-ray morphology regularity (Postman et al. 2012) . As a result, the CLASH sample is predicted to have a much smaller level of intrinsic scatter in the c 200 -M 200 relation (16%; Meneghetti et al. 2014; Umetsu et al. 2016 ). The CLASH RAR (Equation (8)) expresses g tot (r) as a function of g bar (r). Thus, one can obtain the baryon fraction f bar (r) if g bar (r) is known, because f bar (r) = M bar (< r)/M tot (< r) = g bar (r)/g tot (r). If we approximate the CLASH RAR as g tot ≈ √ g ‡ g bar , then the baryon fraction has the simple form,
Since the 20 CLASH clusters in our sample are of similar size and acceleration profile, we can infer an average relation between the baryonic acceleration g bar and the clustercentric radius r. Making use of the X-ray gas mass measurements from Donahue et al. (2014) and the stellar mass correction from Chiu et al. (2018) , we obtain such an average relation, i.e., the average baryonic acceleration as a function of r, g bar (r) . Then, the best-fit CLASH RAR (Equation (8)) together with g bar (r) gives an empirical relation for the baryon fraction as a function of r.
In Figure 4 , we compare the f bar (r) profile inferred from the best-fit CLASH RAR (Equation (8)) with the observed distribution of CLASH baryon fractions shown in Figure 1 . The gray circles are the inferred baryon fractions at different cluster-centric radii, r. The thick black line shows the observed mean f bar (r) profile averaged over the CLASH sample (see Figure 1 ). The f bar (r) profile inferred from the bestfit RAR and the mean f bar (r) profile for the CLASH sample are consistent within r = 400 kpc, but deviate from each other beyond 400 kpc. This is because the best-fit RAR model predicts a radially decreasing f bar (r) profile, whereas the ob-served CLASH f bar (r) profile is nearly constant (∼ 1/8; see Figure 1 ) in the intracluster regime.
We also compare these baryon fraction profiles with the corresponding values predicted by our semi-analytical model, which are denoted by the orange, green, blue and purple squares for r = 100, 200, 400, and 600 kpc, respectively. The values of model points at 100 and 200 kpc agree with the bestfit RAR and the observed mean values for the CLASH sample, whereas those of 400 and 600 kpc are systematically higher than the data distribution albeit with large intrinsic scatter. Our semi-analytical model predicts a nearly constant f gas (r) profile, but with a slightly higher normalization than observed for the CLASH sample.
To assess how the data deviate from the best-fit CLASH RAR, we show in Figure 5 the distribution of best-fit residuals as a function of cluster radius r. The residuals are defined as the difference of log 10 (g tot ) between the observational data and the best-fit RAR (Equation (8)). As shown in the figure, the residuals at small r (≈ 14, 100, and 200 kpc) distribute symmetrically across the best-fit RAR (the zero residual line). However, at larger cluster radii r > ∼ 400 kpc, the residuals deviate systemically toward negative values. The semi-analytical model (color-coded squares) exhibits a similar trend as seen for the observational data. However, the predicted values are deviated toward more negative values at larger r (400 and 600 kpc). Figure 4 . Comparison of the observed and predicted total baryon fraction profiles f bar (r) = M bar (< r)/Mtot(< r) for the CLASH sample. The red diamonds and color-coded lines represent the CLASH observational constraints in the BCG and cluster regions, respectively. The gray circles show empirical predictions based on the best-fit CLASH RAR (see Equation (8)) combined with the mean value of baryonic acceleration g bar (r) at each cluster radius. The thick black line shows the mean f bar (r) profile averaged over the CLASH sample. The orange, green, blue, and purple squares represent predictions from a semi-analytical model at 100, 200, 400, and 600 kpc respectively, and the error bars show the 1σ intrinsic scatter.
Implications
We recall that the RAR in galaxies has a characteristic acceleration scale of g † 1.2 × 10 −10 m s −2 , above which the acceleration of the system asymptotically tends to Newtonian dynamics without DM (i.e., g tot = g bar ), while below which the acceleration asymptotically tends to g tot = √ g † g bar . Our
CLASH results indicate that g tot ≈ √ g ‡ g bar (see Equation (9)) on BCG-cluster scales, with a characteristic acceleration scale of g ‡ g † . However, in our CLASH sample, it is not clear whether or not the acceleration of the system will approach to g tot = g bar in the high acceleration limit, g bar g ‡ . Figure 5 . Residuals of the best-fit RAR for the CLASH sample as a function of the cluster-centric radius r. The vertical axis represents the difference between the data and the best-fit RAR in units of dex. The horizontal axis is the cluster-centric radius r in units of kpc. The red diamonds and the gray filled circles denote the CLASH measurements in the central BCG region and the intracluster region (100, 200, 400, and 600 kpc), respectively (see Figure 2 ). The orange, green, blue, and purple squares show the deviations of our semi-analytical predictions relative to the best-fit CLASH RAR, and the error bars show the 1σ intrinsic scatter.
If the CLASH RAR holds in general for other galaxy clusters, then there exists a kinematic relation or law in galaxy clusters, in analogy to Kepler's law of planetary motion that comes from Newtonian dynamics. Let us take the example of the baryonic Tully-Fisher relation (BTFW; e.g., McGaugh 2011 McGaugh , 2012 Famaey & McGaugh 2012) , which comes from the low acceleration end of the RAR of spiral galaxies. In rotationally support systems such as spiral galaxies, the centripetal acceleration is provided by the total gravitational acceleration, i.e., v 2 /r = g tot where v is the circular speed. In the small acceleration regime of g bar g † , the RAR in galaxies gives g tot ≈ √ g † g bar . By expressing the baryonic acceleration as g bar = GM bar /r 2 where M bar is the total baryonic mass inside r, we obtain the BTFR, v 4 = Gg † M bar . For systems supported by random motions, such as elliptical galaxies and galaxy clusters, g tot ∝ σ 2 /r with σ v the velocity dispersion. If a system that follows the RAR is in the low acceleration regime, σ 4 v ∝ g ‡ M bar is anticipated. We refer to this kinematic law as the baryonic Faber-Jackson relation (BFJR).
In the literature, the BFJR has not been confirmed in galaxy clusters. However, scaling relations between total cluster mass and X-ray mass proxies (e.g., X-ray gas temperature; Sanders 1994; Ettori et al. 2004; Angus et al. 2008; Famaey & McGaugh 2012) , and that between X-ray luminosity and galaxy velocity dispersion (Xue & Wu 2000; Sanders 2010; Zhang et al. 2011; Nastasi et al. 2014) , have been firmly established based on multiwavelength observations and numerical simulations. If the total baryonic mass in galaxy clusters is tightly coupled with thermodynamic properties of the hot gas in hydrostatic equilibrium, we may expect a correlation between the total baryonic mass and galaxy velocity dispersion.
SUMMARY
The radial acceleration relation (RAR) in galaxies represents a tight empirical scaling law between the total acceleration g tot (r) = GM tot (< r)/r 2 observed in galaxies and that expected from their baryonic mass g bar (r) = GM bar (< r)/r 2 , with a characteristic acceleration scale of g † 1.2 × 10 −10 m s −2 ). The RAR observed on galaxy scales raised four fundamental questions to be explained (see Section 1; Lelli et al. 2017) .
In this paper, we have examined if such a correlation exists in galaxy clusters using weak-lensing, strong-lensing, and Xray data sets (Donahue et al. 2014; Umetsu et al. 2016 ) available for 20 high-mass clusters targeted by the CLASH survey (Postman et al. 2012) . By combining our CLASH data sets with central baryonic mass in the BCG region and accounting for the stellar baryonic component in the intracluster region, we have discovered, for the first time, a tight RAR on BCGcluster scales. The resulting RAR for the CLASH sample is well described by a power-law relation, g tot ∝ g 0.51 +0.04 −0.05 bar , with lognormal intrinsic scatter of 14.7 +2.9 −2.8 %. The slope of the best-fit relation is consistent with the low acceleration limit of the RAR in galaxies, g tot = √ g † g bar , whereas the intercept implies a much higher acceleration scale of g ‡ = (2.02 ± 0.11) × 10 −9 m s −2 . Our results indicate that there is no universal RAR that holds on all scales from galaxies to clusters. Regarding the questions raised by the RAR in galaxies, the CLASH RAR has: (1) an acceleration scale g ‡ that is much higher than that in galaxies, g ‡ g † ;
(2) the slope in the best-fit RAR is 0.51 +0.04 −0.05 , which matches the low acceleration limit of the RAR in galaxies (see Equation (2)); (3) the level of intrinsic scatter, 14.7 +2.9 −2.8 %, is as tight as that in the RAR for galaxies. The best-fit residuals of the CLASH RAR exhibit a systematic radial trend at r > 400 kpc ( Figure 5 ). The best-fit RAR model predicts a radially decreasing f bar (r) profile, whereas the CLASH data distribution is nearly constant (Figure 1) in the intracluster regime. To fully investigate the discrepancy at g bar < ∼ × 10 −11 m s −2 , or at r > ∼ 400 kpc, we need additional data covering a broader range of acceleration on BCG-cluster scales.
We find that the observed RAR in CLASH clusters is consistent with predictions from semi-analytical modeling of cluster halos in the standard ΛCDM framework. Our results also predict the presence of a baryonic Faber-Jackson relation (σ 4 v ∝ M bar ) on cluster scales.
